Coxsackievirus infection induces an abnormal accumulation of ubiquitin aggregates that are generally believed to be noxious to the cells and have a key role in viral pathogenesis. Selective autophagy mediated by autophagy adaptor proteins, including sequestosome 1 (SQSTM1/p62) and neighbor of BRCA1 gene 1 protein (NBR1), are an important pathway for disposing of misfolded/ubiquitin conjugates. We have recently demonstrated that SQSTM1 is cleaved after coxsackievirus infection, resulting in the disruption of SQSTM1 function in selective autophagy. NBR1 is a functional homolog of SQSTM1. In this study, we propose to test whether NBR1 can compensate for the compromise of SQSTM1 after viral infection. Of interest, we found that NBR1 was also cleaved after coxsackievirus infection. This cleavage took place at two sites mediated by virus-encoded protease 2A pro and 3C pro , respectively. In addition to the loss-of-function, we further investigated whether cleavage of SQSTM1/NBR1 leads to the generation of toxic gain-of-function mutants. We showed that the C-terminal fragments of SQSTM1 and NBR1 exhibited a dominant-negative effect against native SQSTM1/NBR1, probably by competing for LC3 and ubiquitin chain binding. Finally, we demonstrated a positive, mutual regulatory relationship between SQSTM1 and NBR1 during viral infection. We showed that knockdown of SQSTM1 resulted in reduced expression of NBR1, whereas overexpression of SQSTM1 led to increased level of NBR1, and vice versa, further excluding the possible compensation of NBR1 for the loss of SQSTM1. Taken together, the findings in this study suggest a novel mechanism through which coxsackievirus infection induces increased accumulation of ubiquitin conjugates and subsequent viral damage.
Autophagy is a conserved biological process and has long been regarded as a non-selective, bulk degradative pathway to maintain the homeostasis of cellular environment under stress and starvation. 1 However, accumulating evidence indicates that autophagy-mediated degradation is more selective than originally thought. Several autophagy adapter proteins, including sequestosome 1 (SQSTM1/p62) and neighbor of BRCA1 gene 1 protein (NBR1), have been identified and found to be essential in mediating selective autophagy. 2, 3 They share a similar domain architecture containing an N-terminal Phox/Bem1p (PB1) domain, a microtubule-associated protein light chain (LC3)-interacting region (LIR), and a C-terminal ubiquitin association (UBA) domain, which allow them to recognize and specifically target substrates to autophagosome for degradation. Although the mechanisms underlying specific substrate selection remain not completely understood, increasing evidence supports that ubiquitination serves as a recognition signal for autophagic degradation of misfolded proteins and damaged organelles. 4 The accumulation of damaged organelles and protein aggregates are believed to be harmful to the cells and cannot be efficiently removed by the proteasomes. [4] [5] [6] Our previous studies have demonstrated an aberrant accumulation of misfolded/ubiquitin protein aggregates in coxsackievirusinfected cells and mouse hearts, suggesting that defective protein degradation may have a role in viral pathogenesis. [7] [8] [9] Coxsackievirus type B3 (CVB3), an enterovirus belonging to the family Picornaviridae, is a common cause of viral myocarditis and several other diseases in human. 10 We have recently demonstrated that autophagy adapter protein SQSTM1 is cleaved through the proteolytic activity of viral protease 2A
pro . 11 The cleavage of SQSTM1 results in the dissociation of the N-terminal PB1 domain from the C-terminal UBA and LIR domains, and subsequently the loss-of-function of full-length SQSTM1 in mediating selective autophagy.
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NBR1 is a functional homolog of SQSTM1. Despite the difference of its primary sequence and size from those of SQSTM1, NBR1 shares a similar domain structure with SQSTM1, both containing PB1, ZZ (zinc-finger domain), LIR and UBA domains. 12 Depending on the characteristics of the substrates, NBR1 and SQSTM1 work either independently or cooperatively with each other. It was reported that degradation of bacteria, such as Salmonella and Listeria, requires SQSTM1, but not NBR1. 13 In contrast, NBR1 alone is sufficient to target peroxisomes to lysosomes for degradation in the absence of SQSTM1. 14 NBR1 can also work in concert with SQSTM1 to remove ubiquitinated cargoes. 12 The observation that deletion of SQSTM1 fails to induce the accumulation of ubiquitinated proteins implies a possible compensatory role for NBR1 in the compromise of SQSTM1 function. 3, 15 The purpose of this study was to determine whether NBR1 could compensate for disrupted SQSTM1 function following coxsackievirus infection. Here we showed that NBR1 was also cleaved during CVB3 infection by virus-encoded protease 2A pro and 3C pro . We further provided evidence that cleavage of both SQSTM1 and NBR1 not only led to the loss of their native function, but also resulted in the generation of cleavage mutants that display dominant-negative activities. Finally, we demonstrated a mutual regulatory relationship between SQSTM1 and NBR1 during viral infection. Our data suggest a new mechanism through which coxsackievirus infection induces abnormal accumulation of ubiquitin conjugates.
Results
Cleavage of NBR1 following CVB3 infection. We have previously demonstrated that SQSTM1 is cleaved during coxsackievirus infection, resulting in the disruption of the function of SQSTM1. 11 As NBR1 may have a compensatory role for the loss of SQSTM1, we examined NBR1 expression after CVB3 infection. We found that NBR1 was also potentially cleaved after CVB3 infection, generating at least two cleavage fragments (B100 and B50 kDa, respectively) using an anti-N-terminal NBR1 antibody (Figure 1a ). Gene expression of NBR1 appeared unaltered after CVB3 infection (Figure 1b) .
To verify the cleavage of NBR1, cells were transiently transfected with an HA-tagged NBR1 construct, followed by CVB3 infection. The cleavage products of exogenous NBR1 detected by an anti-HA antibody (Figure 1c ) corresponded well with those of the endogenous NBR1 (Figure 1a ), confirming that NBR1 is cleaved after CVB3 infection. Figure 1 Cleavage of NBR1 following CVB3 infection. (a) Protein level of NBR1 after CVB3 infection. HeLa cells were sham-infected with PBS or infected with CVB3 for indicated times at an multiplicity of infection (MOI) of 10. Western blot analysis was performed to examine the expression of NBR1 using anti-N-terminal NBR1 antibody, which recognizes amino acids 1B150 (Santa Cruz Biotechnology), viral capsid protein VP1 and b-actin (loading controls). (b) Gene expression of NBR1 after CVB3 infection. HeLa cells were either sham-infected or infected with CVB3 for 7 h. Gene expression of NBR1 was examined by real-time quantitative RT-PCR and normalized to GAPDH mRNA (mean ± S.D., n ¼ 3). (c) Cleavage of NBR1 after CVB3 infection. HeLa cells were transiently transfected with a plasmid-expressing HA-tagged NBR1 for 24 h, followed by CVB3 infection for 7 h. Western blotting was carried out to examine protein expression of exogenous NBR1 using anti-HA antibody, which recognizes the N-terminus of NBR1. For size comparison, western blotting of endogenous NBR1 using anti-N-terminal NBR1 antibody was presented on the left lane. Protein expression of b-actin was measured as the loading control. pi, post-infection Cleavage of NBR1 is mediated by coxsackieviral proteases 2A pro and 3C pro . To explore whether coxsackievirus proteases are responsible for NBR1 cleavage, we performed in vitro cleavage assays using purified coxsackieviral 2A pro and 3C pro . We showed that incubation of cell lysates with purified 2A pro and 3C pro resulted in the timedependent generation of NBR1 cleavage products of B50 and B100 kDa, respectively, similar to those observed in CVB3-infected cells (Figures 2a and b) . 2A
pro mutant failed to induce the cleavage of NBR1 (Figure 2a) . These results suggest that the cleavage of NBR1 is mediated by both coxsackieviral 2A pro and 3C pro . As CVB3 infection results in caspase activation, 16 we further examined whether caspase activation has a role in the cleavage of NBR1. Figure 2c showed that treatment with a pan caspase inhibitor Z-VAD-FMK inhibited CVB3-induced caspase-3 cleavage, but did not block the production of NBR1 cleavage fragments, indicating that cleavage of NBR1 is independent of caspase activity.
Identification of the cleavage sites on NBR1. Using a computer server for prediction of cleavage sites by enteroviral proteases (NetPicoRNA V1.0 algorithm), we found two potential cleavage sites by viral protease 3C
pro around the C-terminus of NBR1: residue 682 (FALPE/GPLG) and residue 612 (EEENE/GAGF), which result in the production of a protein of B100 kDa, consistent with the high molecular weight fragment detected in CVB3-infected cells. To determine the precise cleavage site, we constructed two NBR1 point mutants (NBR1-E682K and NBR1-E612K, in which glutamic acid (E) residue was replaced with lysine (K) residue). Figure 3a showed that the B100 kDa cleavage fragment disappeared, while the B50 kDa fragment remained in cells expressing NBR1-E682K, indicating that E682 is a cleavage site on NBR1 after CVB3 infection (Figure 3a) .
Amino-acid sequence alignment of NBR1 with other known viral protease 2A pro substrates, including SQSTM1, reveals a potential cleavage motif (MKNTG at residues 398-402) on NBR1. To determine whether NBR1 is cleaved at T/G, we constructed a point mutation plasmid NBR1-G402E, in which glycine (G) residue at position 402 was replaced with glutamic acid (E) residue. As shown in Figure 3b , the cleavage fragment (B50 kDa) disappeared and the level of the B100 kDa fragment was reduced in cells expressing mutant NBR1 compared with cells expressing wild-type NBR1. This result Figure 3c shows NBR1 structural domains, the identified cleavage sites on NBR1 and the resulting cleavage fragments. Dominant-negative effects of the C-terminal cleavage fragments of SQSTM1 and NBR1. We have previously shown that cleavage of SQSTM1 as a consequence of CVB3 infection leads to the loss-of-function of full-length SQSTM1.
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Here we further investigated whether the cleavage products have toxic gain-of-function properties. In this study, we focused on the C-terminal fragment of SQSTM1 (SQSTM1-C) as it retains intact LIR and UBA domains, but lacks the critical structures at the N-terminus, which are essential for its function in selective autophagy ( Figure 4a ). Our hypothesis was that the C-terminal cleavage product of SQSTM1 acts as a dominant-negative mutant by competing with the native SQSTM1 for LC3 and ubiquitin chain binding.
Misfolded proteins and damaged organelles in the cells usually undergo ubiquitination and are present in detergentinsoluble fractions of the cell extracts. Similar to our previous observation, 11 Triton-insoluble ubiquitin conjugates were accumulated in cells overexpressing SQSTM1-WT ( Figures  4b and c) . Interestingly, we found that SQSTM1-WT-mediated insoluble aggregate formation was blocked in the presence of SQSTM1-C (Figures 4b and c) . Consistent with this observation, we showed that SQSTM1-WT was translocated from the Triton-insoluble fractions to Triton-soluble parts in cells overexpressing SQSTM1-C (Figures 4b and c) .
We further explored the impacts of SQSTM1-C on the ability of native SQSTM1 to form aggregates. HeLa cells were co-transfected with GFP-SQSTM1-WT together with Flag-SQSTM1-WT, Flag-SQSTM1-N, or Flag-SQSTM1-C. Figure 4d showed that the number of cells with GFP puncta was greatly reduced in cells co-expressing Flag-SQSTM1-C compared with cells co-expressing Flag-SQSTM1-WT, that is, 29.93% versus 79.19% (Po0.05). SQSTM1-N appeared to have no effects on WT-SQSTM1-induced protein aggregate formation, that is, 74.82% versus 79.19% (P40.05; Figure 4d ). Together, our results suggest a dominantnegative effect of SQSTM1-C on the function of native SQSTM1 in ubiquitin aggregate formation.
Finally, we examined the effects of the SQSTM1-C on selective autophagy. As both SQSTM1 and NBR1 are targets of selective autophagy themselves, we then assessed protein levels of endogenous SQSTM1 and NBR1 in cells expressing SQSTM1-C. The results shown in Figure 4e demonstrated that expression of SQSTM1-C led to an accumulation of fulllength SQSTM1 and NBR1, indicating an inhibitory effect of the SQSTM1-C on selective autophagy.
Similarly, we found that overexpression of 3C-NBR1-C (3C pro -induced C-terminal fragment of NBR1) resulted in an increased accumulation of endogenous SQSTM1 ( Figure 5 ). However, this effect appeared to be specific for 3C-NBR1-C as 2A-NBR1-C (2A pro -induced C-terminal fragment of NBR1) failed to induce the accumulation of SQSTM1 ( Figure 5 ).
Mutual regulation of SQSTM1 and NBR1 expression. The similarities in the structure and function between Figure 6 demonstrated that overexpression of SQSTM1 (or NBR1) resulted in increased protein level of NBR1 (or SQSTM1) (both non-cleaved and cleaved forms; Figures 6a and c) , whereas knockdown of SQSTM1 (or NBR1) led to reduced protein expression of NBR1 (or SQSTM1) (both non-cleaved and cleaved forms; Figures 6b and d) . To further determine whether the mutual regulation of SQSTM1 and NBR1 occurs at the transcriptional level, we examined gene expression of SQSTM1 and NBR1. We showed that the mRNA level of SQSTM1 (or NBR1) was not significantly altered when NBR1 (or SQSTM1) was overexpressed or knocked down (Figures  6e-h ), suggesting that SQSTM1 and NBR1 are reciprocally regulated at the post-transcriptional level. Together, these results suggest that the loss-of-function of one autophagic adapter protein during CVB3 infection is unlikely to be compensated by the other.
Discussion
Accumulating evidence has revealed that disruption of protein homeostasis is a key contributor to the development and pathogenesis of many human diseases, including those related to coxsackievirus infection. 8, 17, 18 Protein homeostasis is achieved through the function of protein quality control system. Autophagy-mediated selective recycling of the terminally misfolded proteins/aggregates serves as a key component of protein quality control and defects in this pathway have been linked to protein conformation diseases, such as bone, liver, heart and neurodegenerative diseases. 3, [19] [20] [21] [22] [23] [24] [25] [26] Misfolded and ubiquitinated proteins are commonly detected in CVB3-infected cells and tissues, suggesting that dysfunction of the protein degradation pathway may have a role in viral pathogenesis. 7, 9 We have previously demonstrated that autophagy adapter protein SQSTM1 is cleaved following CVB3 infection, resulting in the loss-of-function of SQSTM1 in selective autophagy. 11 The present research extends our previous study to investigate the interaction between NBR1 and coxsackievirus infection. NBR1 is a SQSTM1-like cargo receptor and has been suggested to have a compensatory effect when SQSTM1 is malfunctioning. 3 In this study, we showed that NBR1 is also cleaved after viral infection and the cleavage is catalyzed by both viral protease 2A pro and 3C pro . More interestingly, we demonstrated that, in addition to loss-of-function, the C-terminal truncated mutants of SQSTM1 and NBR1 also exhibit a dominant-negative regulatory effect against the function of native proteins in the clearance of ubiquitin conjugates. First, we showed that the SQSTM1-C mutant inhibits full-length SQSTM1-dependent protein aggregate formation, a prerequisite step for SQSTM1-mediated selective degradation by autophagosome. 27 Second, we demonstrated that overexpression of SQSTM1-C results in elevated accumulation of both SQSTM1 and NBR1, two known substrate targets of selective autophagy. The Figure 4 Dominant-negative effect of SQSTM1-C on native SQSTM1-mediated selective autophagy. (a) Schematic diagram of the structural domains and the identified cleavage site on SQSTM1. PB1, Phox/Bem1p domain; ZZ, zinc-finger domain; TB, tumor necrosis-associated factor 6 binding domain; CC, coiled-coil domain; LIR, LC3-interacting region; KIR, keap1-interacting region; UBA, ubiquitin association domain. (b and c) SQSTM1-C inhibits native SQSTM1-mediated formation of insoluble ubiquitin conjugates. HeLa cells were transiently transfected with an empty vector, SQSTM1-WT, SQSTM1-C alone or SQSTM1-WT together with SQSTM1-C for 48 h as indicated, followed by isolation of Triton X-100-soluble and -insoluble fractions. The levels of ubiquitin conjugates in Triton X-100-soluble (b) and -insoluble fractions (c) were analyzed by western blotting using anti-ubiquitin antibody. Protein expression levels of b-actin (b) and a-actinin (c) were examined as loading controls for Triton X-100-soluble and -insoluble fractions, respectively. (d) SQSTM1-C blocks the function of native SQSTM1 in promoting protein aggregate formation. HeLa cells were co-transfected with GFP-SQSTM1-WT, together with pcDNA empty vector, Flag-SQSTM1-WT, Flag-SQSTM1-N or Flag-SQSTM1-C for 48 h. Immunocytochemical staining was performed using anti-Flag antibody. The nucleus was counterstained with DAPI. Cell images were captured by confocal microscopy. The percentage represents the ratio of cells with GFP-SQSTM1 puncta relative to Flag-SQSTM1-WT, -N or -C co-expressing cells (mean ± S.D., n ¼ 3-5 images, with 35 to 90 co-expressing cells in total in each image). *P ¼ 0.002 compared with SQSTM-WT control, by Student's t-test. (e) Expression of SQSTM1-C results in an increased accumulation of endogenous full-length SQSTM1 and NBR1. HeLa cells were transiently transfected with empty vector or SQSTM1-C for 48 h. Western blot analysis was performed to examine the expression of endogenous SQSTM1 and NBR1, as well as SQSTM1-C as indicated. Expression of b-actin was measured as the loading control NBR1 and SQSTM1 during enteroviral infection J Shi et al mechanism of such action of SQSTM1-C remains unclear. We speculate that SQSTM1-C stabilizes full-length SQSTM1 and NBR1 by blocking their degradation through competing for the binding of ubiquitin chain and/or LC3.
Unlike SQSTM1, we found NBR1 by itself does not facilitate the formation of protein aggregates and promote the accumulation of insoluble ubiquitin conjugates (data not shown). This is presumably due to the difference in the NBR1 and SQSTM1 during enteroviral infection J Shi et al function of the PB1 domains of these two proteins. The PB1 domain enables SQSTM1 to form self-aggregates, which is a crucial step for SQSTM1-mediated selective autophagy; 28 however, Nbr1 requires the coiled-coil (cc) domain, but not the PB1 domain, for its dimerization. 4 Our hypothesis is that cc domain-mediated NBR1 dimerization is not sufficient to induce the formation of large protein aggregates. In other words, the step of protein aggregate formation is dispensable for NBR1-mediated selective autophagy. Interestingly, we found that coexpression of SQSTM1 and NBR1 facilitates the formation of the punctate structures of NBR1 (data not shown). This is likely a result of the interaction between NBR1 and SQSTM1 and the ability of SQSTM1 to polymerize.
Another interesting observation of this study is that the cleavage product 3C-NBR1-C, but not 2A-NBR1-C, induces the accumulation of endogenous SQSTM1. As shown in the schematic diagram (Figure 3c ), as compared with 3C-NBR1-C, 2A-NBR1-C contains extra 280 amino acids at its N-terminus, which include a second LIR and probably other undefined functional domains. It is postulated that the presence of additional domains may cause the failure to interfere with the function of native proteins. Future investigation is required to dissect the molecular basis of this assumption.
In this study, we reported a positive regulatory relationship between SQSTM1 and NBR1. The observation that knockdown of SQSTM1 results in a downregulation, rather than an upregulation of NBR1, implies that NBR1 may not have a compensatory role for the absence of SQSTM1. What are the possible mechanisms of the mutual regulation of SQSTM1 and NBR1? Our results showed that overexpression or knockdown of NBR1 does not affect mRNA expression of SQSTM1, and vice versa, indicating that mutual regulation between SQSTM1 and NBR1 takes place at the posttranscriptional level. It has been previously demonstrated that NBR1 and SQSTM1 interact directly to form heterodimer through respective PB1 domain. 29 GST pull-down assay also showed that the UBA domain of NBR1 can bind directly with SQSTM1. 30 These findings raise the possibility that interaction between these two proteins prevents them from being recognized and degraded through autophagy. We speculate that overexpressed SQSTM1 interacts and stabilizes its binding partner, NBR1, whereas depletion of SQSTM1 results in the release of NBR1 from the binding complex and subsequent degradation, and vice versa. In line with this hypothesis, it was recently reported that the N-terminal truncated form of NBR1 (aa1-135) that contains an intact PB1 domain stabilizes SQSTM1 and reduce its turnover through autophagy pathway. 30 The other possible explanation for the reciprocal regulation of NBR1 and SQSTM1 is that they compete for degradation through the shared autophagic pathway. For example, the decrease in NBR1 protein levels when SQSTM1 is silenced could be a result of accelerated disposal of NBR1 when there is less competition from SQSTM1. It was previously reported that SQSTM1 can also be degraded through the proteasome pathway; 31 however, in the presence of proteasome inhibitors, we found a minimal increase in SQSTM1 and NBR1 protein levels compared with the treatment with lysosome inhibitors (data not shown), suggesting that proteasome pathway is not a major route for the degradation of SQSTM1 and NBR1.
In addition to NBR1 and SQSTM1, CVB3 proteases were reported to target a number of other host proteins, such as eukaryotic translation initiation factor 4g, 32 poly(A)-binding protein, 33 serum response factor, 34 dystrophin, 35 adenosineuridine-rich element RNA binding factor 1, 36 GTPase activating protein (SH3 domain) binding protein 1, 37 melanoma differentiation-associated protein 5, 38 mitochondrial antiviralsignaling protein 38 and retinoic acid-inducible gene 1.
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Through modulating cellular processes and disrupting host innate immune response, viral proteases have a crucial role in viral infection. SQSTM1 has been shown to have an antiviral effect against Sindbis viral infection by directing viral capsid protein for autophagic degradation. 39 However, in this study and our previous report, 11 we found that overexpression or knockdown of NBR1 and SQSTM1 had little impact on viral replication (data not shown), suggesting that loss of functional SQSTM1/NBR1 alone is not sufficient enough to benefit viral replication. We postulate that other cellular machineries manipulated by viral proteases are also needed to work in concert with the cleavage of SQSTM1/NBR1 to ensure successful viral replication.
In conclusion, this study provides the first proof demonstrating the toxic gain-of-function or dominant-negative effects of the cleavage mutants of SQSTM1 and NBR1. Our findings that CVB3 induces the cleavage of the two functionally similar autophagy adapter proteins and subsequent impairment of selective clearance of ubiquitin aggregates suggest a novel mechanism contributing to the pathogenesis of CVB3 infection.
Materials and Methods
Reagents. The antibodies used in this study include: anti-N-terminal NBR1 (Santa Cruz Biotechnology, Dallas, TX, USA; sc-130380), anti-C-terminal SQSTM1 (PROGEN Biotechnik GmbH, Heidelberg, Germany; GSQSTM1-C) and anti-N-terminal SQSTM1 (PROGEN Biotechnik GmbH, GSQSTM1-N), Figure 6 Reciprocal regulation of SQSTM1 and NBR1. (a and b) Effects of overexpression or knockdown of SQSTM1 on NBR1 protein expression. HeLa cells were transiently transfected with Flag-SQSTM1 construct (a) or SQSTM1 siRNA (si-SQSTM1, Dharmacon, 100 nM) (b) for 24 h, followed by CVB3 infection for 7 h. Western blotting was performed to examine the expression of SQSTM1 using an anti-Flag antibody, which recognizes the N-terminus of SQSTM1 (a) or using an anti-C-terminal SQSTM1 antibody (b), NBR1 using anti-N-terminal NBR1 antibody and b-actin (loading control). Cell culture. HeLa cells (American Type Culture Collection, Manassas, VA, USA; ATCC CCL-2) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 mg/ml penicillin and 100 mg/ml streptomycin at 37 1C incubator with 5% CO 2 .
Viral infection. HeLa cells were infected with CVB3 (Kandolf strain) at multiplicity of infections of 10 for 1 h in DMEM without FBS, and then washed in Dulbecco's PBS (DPBS) and maintained in the culture medium containing DMEM and 10% FBS for a variety of time points as indicated.
Plasmids, siRNAs and transient transfection. Plasmids expressing SQSTM1 cleavage fragments (SQSTM1-C and SQSTM1-N) were generated from the Flag-tagged, full-length SQSTM1 construct (a generous gift from Dr. Brett Finlay, University of British Columbia, Vancouver, BC, Canada). Plasmids expressing C-terminal NBR1 fragments (Flag-2A-NBR1-C and Flag-3C-NBR1-C) were established from an HA-NBR1 template provided generously by Dr. Caroline Whitehouse, King's College London, London, UK. The small interfering RNAs (siRNAs) against SQSTM1 (L-010230-00-0005) and NBR1 (L-010522-00-0005) were purchased from Dharmacon (Lafayette, CO, USA). Cells were transfected with plasmids or siRNAs using Lipofectamine 2000 for 24-48 h as per the manufacturer's instructions. Subcellular fractionation. Triton X-100-soluble and -insoluble fractions were isolated as previously described. 11 Briefly, cells were initially lysed in DPBS containing 1% Triton X-100 and protease inhibitors; the supernatants were collected as Triton X-100-soluble fractions. The pellets were further lysed in DPBS containing 2% SDS and complete protease inhibitors; the resulting solubilized supernatants were harvested as Triton X-100-insoluble fractions.
Western blotting. Cells were washed in cold DPBS and lysed in Modified Oncogene Science lysis buffer (50 mM NaPyrophosphate, 50 mM NaF, 50 mM NaCl, 5 mM EDTA, 5 mM EGTA, 100 mM Na 3 VO 4 , 10 mM HEPES and 0.1% Triton X-100). Either Bradford or BCA assay was performed to measure the protein concentration. A total of 20-40 mg of protein per sample was loaded for SDS-PAGE. Western blotting was performed according to the protocol as previous described. 40 Real-time quantitative reverse transcriptase PCR (qRT-PCR). Total cellular RNA was extracted using the RNeasy Mini kit (Qiagen, Venlo, Netherlands; #74104). cDNA was synthesized using the SuperScript III FirstStrand Synthesis kit (Life Technologies, #18080-051) as per the manufacturer's instructions. NBR1 or SQSTM1 was amplified in a 20 ml PCR reaction system composed of 100 ng of cDNA template, 1 ml of 20 Â TaqMan probe (Life Technologies, #4331182, Hs01061917_g1 (SQSTM1), Hs00245918_m1 (NBR1), Hs02758991_g1 (GAPDH)), and 2 Â TaqMan Universal Master Mix II with UNG (Life Technologies, #4440038 pro mutant and 3C pro were purified as previously described. 41 HeLa cells were collected into the cleavage reaction buffer (20 mM Hepes, pH 7.4, 150 mM KOAc, 1 mM DTT) and grinded with a dounce homogenizer for 30-50 strokes on ice. Cell lysates were centrifuged to remove the debris. Purified 2A pro , 2A
pro mutant or 3C pro was incubated with 50 mg of HeLa cell extracts in the cleavage reaction buffer at 37 1C for increasing periods of time as indicated. The reaction was stopped by addition of SDS-PAGE sample buffer.
Immunocytochemical staining and confocal laser-scanning microscopy. Cells were fixed with 4% paraformaldehyde diluted in DPBS for 15 min at room temperature, permeabilized with 0.25% Triton X-100 in DPBS for 10 min and blocked with 1% bovine serum album in DPBS plus Tween 20 for 30 min. Coverslips were incubated with primary antibodies at 4 1C overnight. After washing for 5 min Â 3 times, secondary antibodies were added and incubated for 1 h at room temperature in the dark. The coverslips were washed for 5 min Â 3 times after decanting secondary antibodies and cells were counterstained with DAPI. Images were taken with a Leica SP2 AOBS inverted confocal laserscanning microscope (Wetzlar, Germany). The number of cells with GFP-SQSTM1 puncta relative to the number of Flag-SQSTM1-WT, -N or-C co-expressing cells was counted (a minimum of 200 co-expressing cells were counted for each group) using Image-Pro Plus 5.1 software (Rockville, MD, USA). The quantification was performed and presented as a percentage.
Statistical analysis. All data presented are representative of at least three independent experiments. Results are presented as mean ± S.D. Unpaired Student's t-test was performed. Po0.05 was considered to be statistically significant.
